The predominant players in membrane fusion events are the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) family of proteins. We hypothesize that SNARE proteins mediate fusion events at the chlamydial inclusion and are important for chlamydial lipid acquisition. We have previously demonstrated that trans-Golgi SNARE syntaxin 6 localizes to the chlamydial inclusion. To investigate the role of syntaxin 6 at the chlamydial inclusion, we examined the localization and function of another trans-Golgi SNARE and syntaxin 6-binding partner, vesicle-associated membrane protein 4 (VAMP4), at the chlamydial inclusion. In this study, we demonstrate that syntaxin 6 and VAMP4 colocalize to the chlamydial inclusion and interact at the chlamydial inclusion. Furthermore, in the absence of VAMP4, syntaxin 6 is not retained at the chlamydial inclusion. Small interfering RNA (siRNA) knockdown of VAMP4 inhibited chlamydial sphingomyelin acquisition, correlating with a log decrease in infectious progeny. VAMP4 retention at the inclusion was shown to be dependent on de novo chlamydial protein synthesis, but unlike syntaxin 6, VAMP4 recruitment is observed in a species-dependent manner. Notably, VAMP4 knockdown inhibits sphingomyelin trafficking only to inclusions in which it localizes. These data support the hypothesis that VAMP proteins play a central role in mediating eukaryotic vesicular interactions at the chlamydial inclusion and, thus, support chlamydial lipid acquisition and chlamydial development.
C
hlamydia trachomatis is the chlamydial organism most commonly associated with human disease and one of the morecommon human pathogens. C. trachomatis serovars A, B, and C cause blinding trachoma (1) , serovars D to K cause the most common bacterial sexually transmitted disease (STD), and serovars L1 to L3 cause lymphogranuloma venereum (LGV) (2) . It is estimated that 50 to 70% of chlamydial infections are asymptomatic, potentiating their spread and complicating disease progression. Primary chlamydial infections, if left untreated, can result in sequelae such as pelvic inflammatory disease, ectopic pregnancy, and infertility. A hallmark of chlamydial infection is the ability of the pathogen to thrive within the host while limiting a protective immunological response (3) .
Chlamydiae have evolved a unique biphasic developmental cycle. To initiate an infection, the infectious metabolically dormant form, termed the elementary body (EB), is endocytosed by the host cell and remains within a vesicle termed the inclusion, where it differentiates into a metabolically active, noninfectious reticulate body (RB). The RBs continue to grow and divide within the inclusion, which expands to accommodate the growing number of organisms. Importantly, the inclusion membrane provides protection for the organisms from the host and a platform which allows the organisms to parasitize nutrients from the host cell (4) (5) (6) . Upon infection, the nascent inclusion membrane surrounding the infectious EB is plasma membrane derived, but within a few hours, chlamydial type III secreted proteins modify the inclusion membrane (7) . These modifications result in the inclusion trafficking to the microtubule organizing center (8, 9) and separation of the inclusion from the classical endosomal/lysosomal pathway (10) (11) (12) (13) (14) (15) . C. trachomatis expresses distinct inclusion membrane proteins which colocalize to the microtubule organizing center (MTOC) and host centrosomes (16) . The exact composition of the inclusion membrane has yet to be fully defined, but it is both bacterial and eukaryotic in nature, likely mimicking trans-Golgi membranes (17) .
Chlamydial recruitment of host lipids is not only important to support the growing inclusion membrane, but also, sphingolipids are critical for chlamydial survival (18, 19) . An indication that lipid acquisition is at least partly vesicular in nature is that chlamydial acquisition of sphingomyelin and cholesterol is time, temperature, and energy dependent, as well as brefeldin A (BFA) sensitive (20) (21) (22) . Chlamydial organisms take on the lipid composition of their host cell (6); however, not all host lipids are found within the chlamydial cell wall, indicating specificity as to which lipids are incorporated by the organisms. For example, the chlamydial inclusion intercepts a subset of Golgi apparatusderived exocytic vesicles containing sphingomyelin and cholesterol, and both are incorporated into chlamydial cell walls (20, 21, 23) ; however, Golgi apparatus-derived vesicles containing glucosylceramide are excluded from the inclusion and glucosylceramide is not incorporated by the organisms (24) . Using a polarized cell model of chlamydial infection, we demonstrated that the sphingomyelin retained by Chlamydia is derived predominately from the basolateral trafficking pathway (24) . Therefore, to define eukaryotic and chlamydial inclusion membrane fusion events, we examined proteins that govern membrane fusion along basolateral trafficking pathways. We demonstrated that soluble N-ethyl-maleimide-sensitive factor attachment protein receptor (SNARE) protein syntaxin 6, a trans-Golgi SNARE protein, localizes to the chlamydial inclusion (17) .
SNARE proteins are classified as either R-or Q-SNAREs, based on an arginine (R) or a glutamine (Q) positioned with the alpha helix of the SNARE domain. As the SNARE complexes form, these amino acids are positioned at the "zero ionic layer" at the core of the alpha helix bundle within the complex (25) . Q-SNARE proteins are further classified as Q a , Q b , or Q c based on homology with the synaptic SNARE proteins syntaxin 1, N-terminal synaptosomal-associated protein 25 (SNAP25) SNARE, and C-terminal SNAP25 SNARE, respectively (26, 27) . To date, all R-SNAREcontaining proteins are also all identified as vesicle-associated membrane proteins (VAMPs) (26, 27) . SNARE complexes that form in the Golgi apparatus are formed by 4 separate proteins each containing a SNARE motif from a different subfamily, Q abc and R, respectively (28, 29) . Specifically, syntaxin 6, a Q c SNARE, mainly localizes to the trans-Golgi network and is involved in both endosomal and trans-Golgi fusion events (30, 31) .
Our studies focus on characterizing SNARE complexes that govern the fusion of eukaryotic vesicles with the chlamydial inclusion. As syntaxin 6 recruitment to the inclusion is conserved across chlamydial species and requires chlamydial protein synthesis (17), we hypothesize that syntaxin 6 functions in SNARE complexes at the chlamydial inclusion. Hence, we are examining syntaxin 6 binding partners and their localization to the chlamydial inclusion and ability to interact with syntaxin 6 at this unique microbial subcellular compartment. In this initial study, we examine the nature of syntaxin 6 and VAMP4 interactions in Chlamydia-infected cells. VAMP4, a known syntaxin 6 binding partner (30, 32) , has a broad subcellular localization and has been implicated in endosomal and trans-Golgi network vesicular trafficking, as well as regulated exocytosis (33, 34) . In this study, we examined VAMP4 localization to the chlamydial inclusion and demonstrated that VAMP4 and syntaxin 6 are binding partners at the chlamydial inclusion. We also identified VAMP4 as an important eukaryotic protein which supports chlamydial lipid acquisition and development. These studies expand our current understanding of how SNARE proteins function at the chlamydial inclusion and will lead to important discoveries about the dynamic nature of membrane fusion events at the chlamydial inclusion.
MATERIALS AND METHODS
Organisms and cell culture. HeLa 229 cells (CCL-2.1; American Type Culture Collection [ATCC], Manassas, VA) were cultured at 37°C under 5% CO 2 in RPMI 1640 (HyClone; Thermo Scientific, Logan, UT) supplemented with 10% fetal bovine serum (FBS) (HyClone) and 10 g/ml gentamicin (Gibco-BRL; Life Technologies, Grand Island, NY). C2BBe1 cells (ATCC) were cultured at 37°C in 7.5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) (HyClone) supplemented with 10% FBS (HyClone), 4 mM L-glutamine (Life Technologies), 10 g/ml human transferrin (Life Technologies), and 10 g/ml gentamicin (Life Technologies). HeLa cells were used to propagate Chlamydia trachomatis serovar L2 (LGV 434) for purification using established protocols (35, 36) . Chlamydial titers were determined using conventional protocols to establish multiplicities of infection (MOI), which were based on inclusion forming units (IFU) and determined in HeLa cells (36, 37 ) using a polyclonal rabbit or guinea pig anti-C. trachomatis serovar L2 EB antibody and secondary antibodies conjugated to DyLight fluors (Jackson ImmunoResearch Laboratories, West Grove, PA). siRNA knock down of syntaxin 6 and VAMP4. Silencer select small interfering RNAs (siRNAs) against syntaxin 6 (s19959) and VAMP4 (s16525) and a nontargeting control (NT siRNA) (4390843) were used at final concentrations of 10 nM, 5 nM, and 10 nM, respectively (Life Technologies). Reverse transfection using Lipofectamine RNAiMax (Life Technologies) was performed as described by the manufacturer. Briefly, siRNA and lipid were diluted in Opti-MEM (Life Technologies) medium and incubated for 15 min in the culture vessel. HeLa or C2BBe1 cells were diluted in antibiotic-free growth medium and plated directly into the culture vessel containing the siRNA and lipid mixture. The medium was changed after 18 h of incubation at 37°C in 5% CO 2 (HeLa) or 37°C in 7.5% CO 2 (C2BBe1). After 24 to 48 h of knockdown, the monolayers were infected with C. trachomatis serovar L2 (MOI of 1 to 2). The efficiency of the knockdown was confirmed by either indirect immunofluorescence assay (surveying an entire coverslip) or Western blot assay, and only samples achieving 80% knockdown or more were used in subsequent analyses.
Indirect immunofluorescence and fluorescence microscopy. To determine the localization of endogenous VAMP4 to the chlamydial inclusion, cells were fixed for 10 min in 4% paraformaldehyde and permeabilized for 5 min with 0.1% saponin. To collapse the Golgi apparatus, cells were treated with 1 g/ml brefeldin A (BFA) for 2 h prior to fixation (38) . The coverslips were processed for indirect immunofluorescence assay using guinea pig anti-C. trachomatis serovar L2 EB antibody, mouse antisyntaxin 6 antibody (BD Biosciences, San Jose, CA), rabbit anti-VAMP4 antibody (Sigma, St. Louis, MO), or mouse anti-p230 antibody (BD Biosciences), followed by incubation with the appropriate secondary antibodies conjugated to DyLight fluors (Jackson ImmunoResearch Laboratories). The coverslips were mounted onto slides using Prolong Gold antifade mounting medium (Life Technologies). The slides were visualized with an Olympus BX60 fluorescent scope (60ϫ magnification), and images taken with a Nikon DS-Qi1Mc camera. 3؋FLAG-syntaxin 6 immunoprecipitation. C2BBe1 cells were seeded into a 6-well plate and allowed to grow overnight. The cells were transfected with the 3ϫFLAG vector or 3ϫFLAG-syntaxin 6 construct (17) . Briefly, 1.75 g DNA was diluted in Opti-MEM (Life Technologies), Plus, and Lipofectamine LTX reagents (Life Technologies) according to the manufacturer's specifications. Then, cells were infected with C. trachomatis serovar L2 (MOI of 3) for 18 h. To preserve SNARE complexes, cells were fixed in 2% paraformaldehyde for 10 min on ice with gentle agitation and the reaction was quenched with 1.25 M glycine. The monolayers were washed three times with phosphate-buffered saline (PBS), suspended in CelLytic M (Sigma) containing protease inhibitor cocktail (Sigma), and lysed by sonication. Cell debris was removed by centrifugation at 12,000 ϫ g for 10 min at 4°C, and the lysate was rotated overnight at 4°C with M2 agarose (Sigma). The beads were washed twice with both wash buffer A (50 mM Tris-HCl, pH 7.4, and 150 mM NaCl) and wash buffer B (50 mM Tris-HCl, pH 7.4, and 250 mM NaCl). Bound proteins were eluted using 3ϫFLAG peptide in wash buffer A. Samples were analyzed by Western blotting with the primary antibodies mouse anti-M2 FLAG (Sigma) (to detect 3ϫFLAG-syntaxin 6) and rabbit anti-VAMP4 (Sigma) and secondary antibodies goat anti-rabbit IRDye 800CW-and goat anti-mouse IRDye 680LT-conjugated antibodies (LiCor Biosciences, Lincoln, NE). Images were taken using the Odyssey CLx and processed using Image Studio version 2.0 (LiCor Biosciences).
Duolink PLA. HeLa cells were seeded and infected with C. trachomatis serovar L2 (MOI of 1) for 18 h as described above. The cells were fixed in 4% paraformaldehyde for 10 min on ice, permeabilized with 0.1% saponin for 5 min at room temperature, and blocked in 3% bovine serum albumin (BSA) for 30 min. Next, the coverslips were incubated with primary antibodies mouse anti-syntaxin 6 antibody (BD Biosciences) and rabbit anti-VAMP4 antibody (Sigma). Following incubation with the primary antibody, the coverslips were removed from the 24-well plate and a PAP Pen (Scientific Device Laboratory, Des Plaines, IL) was used to trace the edges of the coverslip. Proximity ligation assays (PLAs) were carried out using the Duolink II detection kit (Olink Bioscience, Uppsala, Swe-den) as described by the manufacturer. All reagents were mixed for a 40-l reaction mixture volume, and all washes were performed in a 24-well plate using 2 ml of the appropriate wash buffer. Negative controls consisted of samples incubated with secondary antibodies in the absence of primary antibodies. Coverslips were mounted using mounting medium with 4=,6=-diamidino-2-phenylindole (DAPI) (Olink Bioscience), and the edges were sealed with clear nail polish. Imaging was performed essentially as described above.
Infectious progeny. HeLa cells were reverse transfected with VAMP4, syntaxin 6, or NT siRNA and infected with C. trachomatis serovar L2 (MOI of 2). C2BBe1 cells were reverse transfected with syntaxin 6 and NT siRNA and infected (MOI of 4) as described above for HeLa cells. After 44 h of infection, the infected monolayers were briefly washed with 1 ml of H 2 O and the cells were lysed in 1 ml of H 2 O. Serial dilutions of lysate were used to infect a fresh monolayer of HeLa cells on coverslips, in duplicate, and incubated for 30 h at 37°C in 5% CO 2 . The coverslips were processed for indirect immunofluorescence assay and imaged as described above. VAMP4 data were combined from 2 separate experiments performed in duplicate. Syntaxin 6 data were combined from 4 separate experiments performed in triplicate. The data displayed are the means and standard errors of the means and were calculated using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA) as described below.
Live-cell imaging. To visualize the retention of fluorescent lipid by the chlamydial inclusion, HeLa cells were reverse transfected with either NT, VAMP4, or syntaxin 6 siRNA and incubated for 48 h prior to infection with C. trachomatis serovar L2 (MOI of 2). Following 18 h of infection, the cells were labeled with 5 M fluorescent lipid 6-{[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoyl}sphingosine (C 6 -NBD-ceramide [also called NBD-lipid here]) (Life Technologies) as described previously (21, 39 ) (the C 6 -NBD-ceramide metabolites NBD-glucosylceramide and NBD-sphingomyelin are described in Results). Briefly, infected monolayers were incubated for 15 min at 12°C and then labeled with 5 M C 6 -NBD-ceramide in cold Eagle's modified essential medium (EMEM) plus 0.035% defatted BSA (Sigma) for 30 min at 12°C. The cells were shifted to 37°C for 5 min prior to the addition of HeLa growth medium (described above) to remove NBD-lipid (defined as NBD-ceramide and its metabolites, which include NBD-glucosylceramide, NBD-galactosylceramide, and NBD-sphingomyelin) not incorporated into the chlamydial inclusion. Phase-contrast and fluorescent live-cell images were taken at 1.5, 6, and 24 h after back-exchange using a 40ϫ phase objective with the Axiovert 200 M Imager and the AxioCam HRm camera (Ziess). The efficiency of the knockdown was determined by indirect immunofluorescence assay as described above.
Thin-layer chromatography (TLC). To determine the amount of NBD-sphingomyelin retained by the chlamydial organisms recovered from syntaxin 6 or VAMP4 siRNA-treated cells, EBs were isolated and the lipids were extracted (39) . Briefly, cells were reverse transfected with siRNA and infected with C. trachomatis serovar L2 (MOI of 3) as described above. After 24 h of infection, cells were labeled with 5 M C 6 -NBD-ceramide (Life Technologies), and unincorporated NBD-lipid was back-exchanged for 20 h as described above. The EBs were purified after 40 to 44 h of infection by using a Renografin (Mallinckrodt, Inc., St. Louis, MO) gradient as previously described (39) . To control for lipid extraction efficiency, 0.06 g/ml of NBD-lactosylceramide (Matreya, Pleasant Gap, PA) was added to each sample and then lipids were extracted by a modified Bligh and Dyer chloroform-methanol extraction (24, 39, 40) . The lipids were resuspended in a 2:1 chloroform-methanol solution, spotted onto TLC plates precoated with 60Å-pore-size silica gel (Whatman/GE Healthcare, Piscataway, NJ), and resolved using a 40:11.5:1.5 chloroformmethanol-distilled water mixture. The plates were air dried and imaged using the Typhoon 9410 variable-mode imager (GE Healthcare), and densitometry was performed using Image J software (NIH, Bethesda, MD). The densitometry for sphingomyelin was determined and normalized to the amount of EBs loaded as determined by Western blotting and the amount of NBD-lactosylceramide in the extracts.
Statistics and image production. All quantification and statistical analysis of data were performed with GraphPad Prism 6 software (GraphPad Software, La Jolla, CA). Specifically, statistical significance was determined using two-way analysis of variance (ANOVA) with Bonferroni posttests, calculated by using GraphPad Prism software. All figures were constructed using Adobe Photoshop CS5 (Adobe Systems Incorporated, San Jose, CA). Modifications to images include adjustment to color balance in fluorescent images, applied equally to all images in a single figure. Brightness and contrast were adjusted in scanned images of TLC plates and in Western blot images. All graphed data originated in GraphPad Prism 6.
RESULTS

VAMP4 localization to the chlamydial inclusion.
A recent study demonstrated that syntaxin 6 localizes to the chlamydial inclusion in a manner that is conserved across chlamydial species and requires chlamydial protein synthesis (17) . These data suggest that syntaxin 6 localization to the chlamydial inclusion is important; however, the role of syntaxin 6 at the chlamydial inclusion is currently ambiguous. To clarify the function of syntaxin 6 at the chlamydial inclusion, we are examining known syntaxin 6 binding partners and focusing on these interactions in the context of Chlamydia-infected cells in order to characterize relevant interactions at the chlamydial inclusion. Syntaxin 6 has been classified as a promiscuous SNARE protein, having a broad repertoire of binding partners (31) . In the current study, we examine one of syntaxin 6's binding partners, VAMP4, and the localization of VAMP4 to the chlamydial inclusion.
Using indirect immunofluorescence microscopy, we examined the localization of endogenous VAMP4 to the chlamydial inclusion. As demonstrated in Fig. 1A , VAMP4 appears to be clustered around the inclusion in close association with the Golgi apparatus. To clarify the localization of VAMP4 relative to the inclusion, we collapsed the surrounding Golgi structures with the fungal metabolite BFA for 2 h prior to fixation in paraformaldehyde and processing for indirect immunofluorescence assay. Evident in these images is that VAMP4 remains associated with the inclusion, while the surrounding Golgi apparatus structure is collapsed (Fig. 1A) . Furthermore, we demonstrate that both VAMP4 and syntaxin 6 colocalize and remain stably associated with the chlamydial inclusion in the presence of BFA (Fig.  1B) . The localization of VAMP4 to the chlamydial inclusion appears to be more vesicular in nature, as opposed to the rim-like staining pattern previously described for syntaxin 6 (17) , albeit treatment with BFA causes inclusion-associated syntaxin 6 to appear less rim-like and more vesicular in nature, as well (Fig. 1B) . In our studies, we were able to detect both endogenous syntaxin 6 and VAMP4 in HeLa cells ( Fig. 1 ) and C2BBe1 cells (data not shown), and the localization of both proteins with the chlamydial inclusion was observed in both cell lines.
Given that syntaxin 6 and VAMP4 are binding partners (30) (31) (32) and colocalize to the chlamydial inclusion, we asked whether siRNA knockdown of either syntaxin 6 or VAMP4 would affect the localization of the other protein to the chlamydial inclusion. For these studies, syntaxin 6 or VAMP4 expression was decreased with siRNA transfection, and then knockdown cells were infected with C. trachomatis for 16 to 18 h. Subsequently, cells were fixed and processed for indirect immunofluorescence assay. In syntaxin 6 knockdown cells, VAMP4 localized to the Golgi apparatus surrounding the inclusion and diffusely around the inclusion itself (Fig. 2) . In VAMP4 knockdown cells, syntaxin 6 was found diffusely throughout the cell and around the chlamydial inclusion, but the tight association with the inclusion noted in the control cells was absent (Fig. 2) . These data suggested that VAMP4 is involved in syntaxin 6 localization or retention at the chlamydial inclusion. In contrast, the loss of syntaxin 6 had a moderate impact on the localization of VAMP4 with the chlamydial inclusion.
Characterization of syntaxin 6-VAMP4 interactions at the chlamydial inclusion. Biochemically, we confirmed previous reports identifying syntaxin 6 and VAMP4 as binding partners (Fig.  3A) (30, 32) . To coimmunoprecipitate these proteins, we used a previously described construct, 3ϫFLAG-syntaxin 6 (17), and transfected C2BBe1 cells (Fig. 3A) or HeLa cells (data not shown) prior to infection with C. trachomatis. Immunoprecipitation of the 3ϫFLAG-syntaxin 6 constructs demonstrated that syntaxin 6 binds to VAMP4 equally well in mock-infected and Chlamydiainfected cells.
The limitation of a coimmunoprecipitation assay is that it does not examine interactions that occur at the chlamydial inclusion. The Duolink proximity-dependent ligase assay was utilized to directly examine VAMP4 and syntaxin 6 interactions at the chlamydial inclusion. This technology detects interactions between proteins that are within 40 nm of each other and has been used to confirm protein-protein interactions or to amplify the immunofluorescent signal of a single protein within distinct subcellular locations (41) . Positive Duolink reactions result in distinct punctate dots where the signal has been amplified and, hence, will not recapitulate subcellular structures detected by classical indirect immunofluorescence techniques. To determine if syntaxin 6 and VAMP4 were interacting at the chlamydial inclusion, each protein was detected individually and jointly using the Duolink assay (Fig. 3C) . In this assay, HeLa cells were infected with C. trachomatis for 16 to 18 h, fixed in 4% paraformaldehyde, and processed as described in Materials and Methods. On average, more VAMP4 molecules (4.13 Ϯ 0.43 [mean Ϯ standard deviations]) than syntaxin 6 molecules (0.957 Ϯ 0.12) were detected around the chlamydial inclusion ( Fig. 3B and C) . Additionally, similar amounts of syntaxin 6-VAMP4 interactions (0.935 Ϯ 0.15) and syntaxin 6 molecules alone ( Fig. 3B and C) were detected, indicating that when syntaxin 6 is found at the chlamydial inclusion, it is found in proximity to VAMP4. Conversely, the data demonstrated that VAMP4 localization to the chlamydial inclusion is not necessarily associated with syntaxin 6 (Fig. 3B and C) . The difference between quantified complexes of VAMP4 alone and syntaxin 6-VAMP4 complexes which localize to the inclusion was statistically significant (Fig. 3B, # 2 ) (P Ͻ 0.0001). The Duolink assay was also performed in syntaxin 6 or VAMP4 siRNA-treated cells ( Fig. 3D and E) . Consistent with the results shown in Fig. 2 , syntaxin 6 knockdown results in a moderately reduced, albeit statistically significant amount of VAMP4 molecules which localize to the chlamydial inclusion (2.61 Ϯ 0.40) (Fig.  2B and D) . In contrast, VAMP4 knockdown results in a statistically significant deficiency of syntaxin 6 molecules which localize to the chlamydial inclusion (0.152 Ϯ 0.054) ( Fig. 3B and E) . The data demonstrated that syntaxin 6 localization to the chlamydial inclusion relies, in part, on VAMP4 but VAMP4 can localize independently to the inclusion in the absence of syntaxin 6.
Role of syntaxin 6 and VAMP4 in sphingomyelin trafficking to the chlamydial inclusion. During the time of rapid multiplication, Chlamydia cells acquire nutrients to support their growth and to compensate for the increasing size of the chlamydial inclusion. Our hypothesis is that SNARE proteins facilitate the trafficking of required nutrients, such as lipids, to the chlamydial inclusion. Therefore, the absence of syntaxin 6 or VAMP4 would hinder chlamydial nutrient acquisition and, thus, development, resulting in a decrease of infectious progeny. A well-established technique to examine Golgi apparatus-derived lipid trafficking to the chlamydial inclusion utilizes the fluorescent lipid, C 6 -NBDceramide (21, 39) . C 6 -NBD-ceramide is a vital stain for the Golgi apparatus and, within the Golgi apparatus, is metabolized into two major metabolites: NBD-glucosylceramide and NBD-sphingomyelin (42) (43) (44) . The NBD moiety is fluorescent and also allows the lipids to be extracted from the cells by a lipid acceptor in the tissue culture medium in a process termed back-exchange (21, 39, 43) . Previous studies utilizing C 6 -NBD-ceramide established that the chlamydial inclusion intercepts fluorescent lipid, which is incorporated into Chlamydia organisms, and that this lipid is sphingomyelin (21, 23) .
The role of syntaxin 6 and VAMP4 in chlamydial lipid acquisition was initially characterized with live-cell imaging (Fig. 4) . HeLa cells transfected with control (nontargeting), VAMP4, or syntaxin 6 siRNA were infected with C. trachomatis serovar L2 for 20 h and then labeled with C 6 -NBD-ceramide as previously described (23, 39) . Monolayers were then treated with back-exchange medium for the times indicated below to remove NBDlipid that was not incorporated into chlamydial organisms from the host cells. At the end of the experiment, knockdown was confirmed by fixing cells and processing the samples for indirect immunofluorescence assay as seen in Fig. 1 (data not shown) . At 1.5 h after back-exchange, the majority of the fluorescent lipid in control-or syntaxin 6 siRNA-treated cells was associated with the chlamydial inclusion. By 6 h after back-exchange, all fluorescent lipid was associated with the chlamydial inclusion in these cells. Furthermore, the inclusions propagated in control-or syntaxin 6 siRNA-treated cells remained labeled 24 h after the addition of backexchange medium, consistent with the notion that lipid that is trafficked to the inclusion does not cycle back to the host cell because it is incorporated into the chlamydial organisms (21, 23, 24, 39) .
In contrast, in VAMP4 knockdown cells, at 1.5 h after the addition of back-exchange medium, the fluorescent lipid remained in Golgi apparatus structures and appeared to accumulate or pool outside the chlamydial inclusion. At this early time point, no fluorescent lipid was associated with chlamydial organisms. These data indicated that VAMP4 may play a role in vesicular trafficking of C 6 -NBD-ceramide metabolites from the Golgi apparatus to the plasma membrane, consistent with VAMP4's role in regulated exocytosis (33) . By 6 h after the addition of back-exchange medium, the only fluorescent lipid remaining in VAMP4 siRNAtreated cells was pooled outside the chlamydial inclusion, but the organisms remained unlabeled. At 24 h after back-exchange in VAMP4 knockdown cells, no fluorescent lipid remained in the cell and no fluorescent lipid was associated with the chlamydial inclusion/organisms. Additionally, the inclusions that developed in VAMP4 knockdown cells were notably smaller at later time points postinfection (20 to 52 h). This is in contrast to the apparent inclusion sizes evident at 16 to 18 h postinfection, which appear comparable to the sizes of inclusions grown in control cells. Importantly, the overall numbers of inclusions formed were similar between cells treated with nontargeting, syntaxin 6, or VAMP4 siRNA (data not shown). Combined, these data suggest that VAMP4 is involved in trafficking sphingomyelin to the chlamydial inclusion and may play a role in chlamydial inclusion expansion.
A more-sensitive technique to quantify sphingomyelin retention by Chlamydia is to purify the organisms from host cell monolayers and perform a modified Bligh and Dyer lipid extraction, followed by examination of the extracts by thin-layer chromatography (TLC) (21, 39, 40) . In these studies, C2BBe1 or HeLa cells were treated with syntaxin 6 or VAMP4 siRNA, respectively, or nontargeting (control) siRNA. After 48 h of knockdown, cells were inoculated with C. trachomatis serovar L2 and then labeled with C 6 -NBD-ceramide, and nonincorporated lipid was back-exchanged overnight. At 40 to 44 h postinfection, chlamydial organisms were purified from the host cells and lipids were extracted using a modified Bligh and Dyer lipid extraction protocol (24, 39, 40) . Efficient knockdown of syntaxin 6 or VAMP4 was determined by Western blotting on cell extracts taken at the time of chlamydial purification (Fig. 5B) . The lipid extract volumes of equal numbers of EBs were resolved by TLC, and TLC plates were scanned using a Typhoon imager (Fig. 5A) . The densitometry results for the NBD-sphingomyelin bands were normalized to chlamydial major outer membrane protein (MOMP) levels and the lipid loading control level (Fig. 5B) . Consistent with the live-cell imaging data, there was no inhibition of NBD-sphingomyelin incorporated into Chlamydia grown in syntaxin 6 knockdown cells. Densitometry analysis revealed that there was an increase of about 30% of NBD-sphingomyelin in organisms grown in cells lacking syntaxin 6. In contrast, densitometry analysis of Chlamydia organisms grown in VAMP4 knockdown cells revealed a 27% decrease in NBD-sphingomyelin incorporated into these organisms. The decrease is not as severe as that illustrated with live-cell imaging of Chlamydia organisms grown in VAMP4 knockdown cells. However, the knockdown of VAMP4 is not 100% efficient (Fig.  5B) , resulting in some organisms acquiring normal amounts of lipid. Importantly, these data were consistent with the notion that VAMP4 is required for efficient sphingomyelin trafficking to the chlamydial inclusion.
To confirm that C 6 -NBD-ceramide was being metabolized appropriately in syntaxin 6 or VAMP4 knockdown cells, aliquots of the back-exchange medium were subjected to lipid extraction and resolved by TLC. These data demonstrate that knockdown of syntaxin 6 or VAMP4 did not alter the metabolism of C 6 -NBD-ceramide into NBD-sphingomyelin, NBD-glucosylceramide, and NBD-galactosylceramide (Fig. 5C ). These data demonstrate that the changes observed in chlamydial lipid composition are not due to the effects of syntaxin 6 or VAMP4 knockdown on host cell sphingolipid metabolism.
Effect of siRNA knockdown of VAMP4 and syntaxin 6 on chlamydial infectious progeny. As we noted no differences in the numbers of inclusions formed (specifically, no abrogation of initial entry and infection) in the absence of VAMP4 or syntaxin 6 compared to the numbers of inclusions in controls (data not shown), we wished to assess the impact of these proteins on chlamydial development by examining infectious progeny. To determine infectious progeny, control (nontargeting), VAMP4, or syntaxin 6 siRNA-treated HeLa cells (VAMP4) or C2BBe1 cells (syntaxin 6) were infected with C. trachomatis serovar L2 for 40 to 42 h and lysed, and titers of lysates containing infectious Chlamydia organisms were used to inoculate a fresh monolayer of HeLa cells as previously described (37, 45) . At 30 h postinoculation, the secondary infections were fixed and processed for indirect immunofluorescence assay. Inclusions were enumerated with the premise that a single EB results in a single inclusion (Fig. 6) . Knockdown was confirmed by indirect immunofluorescence assay (VAMP4) or Western blot (syntaxin 6) assay as specified in Materials and Methods.
Consistent with previous data (24) , when comparing progeny obtained from HeLa or C2BBe1 cells treated with control siRNA, more progeny were recovered from HeLa cells (3.8 ϫ 10 7 Ϯ 3.0 ϫ 10 6 IFU/ml) than from C2BBe1 cells (4.14 ϫ 10 5 Ϯ 1.3 ϫ 10 5 IFU/ml). Knockdown of VAMP4 resulted in a statistically significant log decrease in infectious progeny (3.8 ϫ 10 6 Ϯ 2.8 ϫ 10 5 IFU/ml), while knockdown of syntaxin 6 resulted in a modest, albeit statistically significant decrease in infectious progeny (1.1 ϫ 10 5 Ϯ 2.9 ϫ 10 4 ). To eliminate the potential for cell line differences to account for a less-profound effect of syntaxin 6 knockdown on chlamydial development, these studies were repeated in HeLa cells, with similar results. Knockdown of syntaxin 6 resulted in 1.13 ϫ 10 8 Ϯ 4.0 ϫ 10 6 IFU/ml, compared to 1.25 ϫ 10 8 Ϯ 6.0 ϫ 10 6 IFU/ml obtained in control cells. Overall, these data reveal that VAMP4 is important to the development of C. trachomatis serovar L2 infectious progeny.
Chlamydial protein synthesis and species requirements for localization of VAMP4 to the chlamydial inclusion. Syntaxin 6 recruitment to the chlamydial inclusion requires chlamydial protein synthesis and is conserved across chlamydial species (17) . To determine if VAMP4 localized to the chlamydial inclusion under similar conditions, we first examined whether VAMP4 recruitment to the inclusion is dependent on de novo chlamydial protein synthesis. For these studies, HeLa cells were infected with C. trachomatis serovar L2 for 18 h and then either fixed in 4% paraformaldehyde or treated for an additional 24 h with 200 g/ml chloramphenicol prior to fixation. Samples were processed for indirect immunofluorescence assay to detect endogenous VAMP4 (Fig. 7) . As a control, the localization of syntaxin 6 was also visualized. In cells fixed at 18 h postinfection, both VAMP4 and syntaxin 6 surround and localize the chlamydial inclusion. In chloramphenicoltreated cells, VAMP4 and syntaxin 6 appear to remain localized in the Golgi apparatus and are not retained at the chlamydial inclu- sion. Therefore, retention of VAMP4 at the chlamydial inclusion is dependent on de novo chlamydial protein synthesis.
Second, we asked whether VAMP4 localization is conserved among chlamydial species. We have demonstrated that VAMP4 localizes to C. trachomatis serovar L2 inclusions and, furthermore, tested the localization of 3ϫFLAG-VAMP4 to inclusions containing C. trachomatis serovar D, Chlamydia muridarum, Chlamydia caviae, and Chlamydia pneumoniae (Fig. 8A) . These results demonstrated that 3ϫFLAG-VAMP4 localizes to inclusions containing C. trachomatis serovar L2 and C. muridarum, but 3ϫFLAG-VAMP4 did not localize to inclusions containing C. trachomatis serovar D or C. pneumoniae. These results were confirmed by examining the localization of endogenous VAMP4 to these chlamydial inclusions (data not shown). As a negative control, cells were transfected with 3ϫFLAG vector only and infected as indicated above, and the results are illustrated by the results for C. muridarum (Fig. 8B) . Notably, 3ϫFLAG-syntaxin 6 expressed in HeLa cells localized to all chlamydial species examined in the experiment whose results are shown in Fig. 8 (also data not shown), indicating that the differences noted in 3ϫFLAG-VAMP4 localization are not due to differences between HeLa cells and C2BBe1 cells. The lack of VAMP4 localization to C. trachomatis serovar D chlamydial inclusions is consistent with previous studies which examined the localization of green fluorescent protein-labeled VAMP4 (GFP-VAMP4) constructs to the chlamydial inclusion and demonstrated that GFP-VAMP4 does not localize to the C. trachomatis serovar D inclusions (46, 47) . Therefore, unlike syntaxin 6, VAMP4 is recruited to inclusions of specific chlamydial species.
Given the role of VAMP4 in C. trachomatis serovar L2 sphingomyelin acquisition and the fact that sphingomyelin acquisition is conserved across chlamydial species (23, 48, 49) , we examined the effect of VAMP4 knockdown on sphingomyelin trafficking to the different chlamydial species (Fig. 9) . HeLa monolayers were treated with nontargeting and VAMP4 siRNA, as shown in Fig. 4 , and infected with the indicated chlamydial species. Cells were labeled with C 6 -NBD-ceramide, back-exchanged, and imaged as described above. Knockdown was confirmed by Western blotting, and the knockdown efficiency was similar to that obtained in the experiment whose results are shown in Fig. 5B (data not shown) . As expected, knockdown of VAMP4 inhibited sphingomyelin trafficking only to inclusions where VAMP4 was demonstrated to localize. Specifically, VAMP4 localized to inclusions containing C. trachomatis serovar L2 and C. muridarum, corresponding with VAMP4 siRNA knockdown inhibiting sphingomyelin trafficking to those inclusions. These data confirm a role of VAMP4 at the chlamydial inclusion and indicate that VAMP4 knockdown does not in and of itself alter trafficking within the cell that would lead to a general disruption in trafficking to the chlamydial inclusion.
DISCUSSION
Previous studies demonstrated that the chlamydial inclusion actively intercepts basolaterally targeted Golgi apparatus-derived vesicles (24) , which led to an examination of trans-Golgi-associated syntaxin proteins as potential candidates facilitating this process. It was determined that syntaxin 6 was recruited to the chlamydial inclusion in a manner that required chlamydial protein synthesis and was conserved across chlamydial species (17) . Given the nature and conservation of syntaxin 6 recruitment to the chlamydial inclusion, we hypothesized that syntaxin 6 and syntaxin 6 binding partners play an important role in supporting chlamydial development. Previous studies demonstrated that VAMP4 is a syntaxin 6 binding partner and a component of syntaxin 6 SNARE complexes (30, 32, 50) . In this study, we demonstrate that VAMP4 and syntaxin 6 colocalize and bind to one another at the chlamydial inclusion, corresponding with VAMP4 playing a significant role in chlamydial development and sphingomyelin acquisition.
Previous data have shown that syntaxin 6 localization to the chlamydial inclusion is dependent on a YGRL signal sequence (17) . We hypothesized that the YGRL signal sequence would, by default, dictate syntaxin 6-mediated trafficking events and interactions at the chlamydial inclusion. We anticipated that knockdown of syntaxin 6 would abrogate VAMP4 localization to the chlamydial inclusion; however, the data refute this hypothesis, as knockdown of syntaxin 6 has little impact on VAMP4 localization but knockdown of VAMP4 virtually eliminates the retention of syntaxin 6 at the chlamydial inclusion ( Fig. 2 and 3) . Hence, there are two distinct mechanisms that are involved with syntaxin 6 localization to and retention at the chlamydial inclusion: (i) the presence of a eukaryotic signal sequence that specifically targets the chlamydial inclusion (17) and (ii) SNARE protein interactions that facilitate the retention of syntaxin 6 at the chlamydial inclusion (this study). Specifically, data in this study support the hypothesis that VAMP4 interacts with and is required for retention of syntaxin 6 at the chlamydial inclusion.
Given that syntaxin 6 recruitment to the chlamydial inclusion was shown to require chlamydial protein synthesis and is conserved across chlamydial species (17) and that syntaxin 6 and VAMP4 interact at the chlamydial inclusion ( Fig. 3B and C) , we hypothesized that similar requirements are necessary for VAMP4 localization to the chlamydial inclusion. The data presented confirm that VAMP4 localization to the chlamydial inclusion requires chlamydial protein synthesis (Fig. 7) ; however, of all of the species examined, VAMP4 only localized to C. trachomatis serovar L2 and C. muridarum inclusions (Fig. 8) . These data are consistent with the results of Delevoye et al., who reported that GFP-VAMP4 does not localize to C. trachomatis serovar D inclusions (51) . Interestingly, syntaxin 6 has been shown to bind VAMPs 3, 7, and 8 (52, 53) , all of which were identified as localizing to serovar D-containing inclusions (51) , suggesting that the VAMP, or R-SNARE, component of syntaxin 6 SNARE complexes may be interchangeable.
SNARE complexes are comprised of 3 Q-SNARE domains and 1 R-SNARE domain, and the classical neuronal synapse SNARE complex is comprised of 3 proteins-a syntaxin (single Q-SNARE), a SNAP protein (2 Q-SNARE domains), and a VAMP (R-SNARE) (54) . In the Golgi apparatus, SNARE complexes are typically comprised of 4 proteins-3 different proteins containing a Qa-, Qb-, or Qc-SNARE domain, along with another protein containing an R-SNARE domain (29) . Syntaxin 6 and VAMP4 are classified as a Q c -SNARE and an R-SNARE, respectively (55) . Assuming these proteins are interacting within a SNARE complex at the chlamydial inclusion, the contributing Q a -and Q b -SNAREs remain to be identified. Syntaxin 6 and VAMP4 have been found in SNARE complexes with Vti1a and syntaxin 16 (56) . Vti1a was classified as a Q b -SNARE and syntaxin 16 was classified as a Q a -SNARE (57) , which would complete a SNARE Q abc -R complex. However, previous studies have shown that syntaxin 16 does not localize to the chlamydial inclusion (17) , making this protein an unlikely candidate to be functioning in a SNARE complex with syntaxin 6 and VAMP4 at this microbial subcellular localization. Because Vti1a coimmunoprecipitates with syntaxin 6 in Chlamydia-infected cells (E. J. Kabeiseman and E. R. Moore, unpublished data), we are currently examining the localization of Vti1a with VAMP4 and syntaxin 6 at the chlamydial inclusion. Future studies will determine whether Vti1a is functioning as the Q b -SNARE at the chlamydial inclusion. Based on Duolink analysis, the data revealed that the VAMP4 proteins that localize to the inclusion, on average, outnumber the VAMP4-syntaxin 6 complexes ( Fig. 3B and C) , suggesting that VAMP4 interacts with additional binding partners and may function separately from syntaxin 6 at the chlamydial inclusion membrane. Future biochemical analyses will focus on identifying functional syntaxin 6-VAMP4 SNARE complexes which fuse with the chlamydial inclusion membrane.
Given that chlamydial protein synthesis is required for both syntaxin 6 and VAMP4 localization to the inclusion, we hypothesize that one (or two) of the proteins forming a SNARE complex at the chlamydial inclusion are chlamydial in origin. Previous studies demonstrated that syntaxin 16, a Q a -SNARE (27) , does not localize to the chlamydial inclusion (17) . Hence, we have yet to identify candidate proteins to fill the Q a -SNARE component of an active syntaxin 6-VAMP4 SNARE complex at the chlamydial inclusion. Nevertheless, the data support the hypothesis that a chlamydial protein may be filling the role of the Q a -SNARE. There is precedence for chlamydial proteins acting as SNAREs (46, 51) . Chlamydiae encode a protein containing an SNARE domain, IncA (51) . IncA, a member of the chlamydial inclusion membrane proteins known as Incs, localizes to the cytoplasmic face of the chlamydial inclusion (58) and is required for homotypic inclusion fusion (59) . Alignments of IncA with other known SNARE proteins reveal that it is a Q-SNARE, specifically, a Q c -SNARE (51) . Previous studies support the idea that IncA interacts with other SNARE proteins, including a weak interaction with VAMP4, at the chlamydial inclusion (51) . However, we have not detected IncA in syntaxin 6 pulldowns (E. J. Kabeiseman and E. R. Moore, unpublished data), indicating that IncA and syntaxin 6 may be interacting in separate SNARE complexes. A recent study presented data which indicate that IncA acts as an inhibitory SNARE protein, effectively blocking membrane fusion with undesirable subcellular compartments, such as vesicles in the classical endosomal/lysosomal pathway (46) . Combined, these data suggest that there are networks of SNARE complexes operating at the chlamydial inclusion membrane. This hypothesis is strengthened by recent data demonstrating that members of the conserved oligomeric Golgi (COG) complexes, which are involved in Golgi apparatus vesicle tethering by binding to specific Rab GTPases and SNARE, are recruited to the chlamydial inclusion and are also required for optimal chlamydial development (60) .
Given that the chlamydial inclusion membrane is the interface between chlamydial organisms and the host cells that they rely upon for nutrients, such as lipids, it is remarkable that only within the last decade have eukaryotic proteins been demonstrated to localize to the chlamydial inclusion, the first being 14-3-3␤ (61). Additionally, concerted effort is taken to confirm the function of eukaryotic proteins at the chlamydial inclusion. One method used to screen for eukaryotic protein function at the chlamydial inclusion is to ascertain the protein's involvement in trafficking lipids to the chlamydial inclusion by using the fluorescent lipid C 6 -NBD-ceramide (21, 23, 39) .
A critical process in chlamydial development is chlamydial acquisition of sphingomyelin (18, 19) . This process can be studied by utilizing fluorescent C 6 -NBD-ceramide, a vital stain for the Golgi apparatus (43) . Within the Golgi apparatus, C 6 -NBD-ceramide is metabolized into NBD-sphingomyelin and NBD-glucosylceramide, and these metabolites can be followed as they are trafficked from the Golgi apparatus to the plasma membrane, where they can be extracted or back-exchanged from the plasma membrane by an acceptor that can bind to the NBD moiety, such as a liposome or BSA (21, 44) . In Chlamydia-infected cells, the inclusion intercepts fluorescent sphingomyelin but not fluorescent glucosylceramide, resulting in less sphingomyelin being back-exchanged to the plasma membrane (21, 23) . Furthermore, sphingomyelin and cholesterol are taken from exocytic vesicles and the lipids are incorporated into chlamydial cell walls (20, 21) ; presumably, the contents of these vesicles are being emptied into the chlamydial inclusion and scavenged by the organisms. Hence, examining chlamydial acquisition of sphingomyelin by live-cell imaging and thin-layer chromatography after knockdown of key eukaryotic proteins is an effective strategy in determining the role of specific proteins recruited to the chlamydial inclusion (39) .
In this study, we demonstrated that VAMP4 plays a pivotal role in chlamydial sphingomyelin acquisition (Fig. 4, 5, and 9 ), which correlates with a log decrease in chlamydial progeny from organisms propagated in VAMP4 knockdown cells (Fig. 6) . Interestingly, knockdown of syntaxin 6 does not prevent sphingomyelin trafficking to the inclusion; if anything, it allows excess sphingomyelin to accumulate within the organisms. By comparison, knockdown of VAMP4 does inhibit chlamydial sphingomyelin trafficking to the inclusion. A caveat to these studies is that VAMP4 also inhibits syntaxin 6 localization to the chlamydial inclusion, and the impact of combined knockdown of syntaxin 6 and VAMP4 on chlamydial sphingomyelin acquisition was not examined. We attempted simultaneous knockdown of both proteins, which resulted in cytotoxic death of both HeLa and C2BBe1 cells (E. J. Kabeiseman and E. R. Moore, personal observation). Nevertheless, the data indicate that of the two proteins, localization of VAMP4 to the chlamydial inclusion corresponds with optimal chlamydial development and lipid acquisition. Importantly, as evident in live-cell imaging studies, VAMP4 knockdown results in a smaller chlamydial inclusion size later in infection, suggesting that VAMP4-mediated sphingolipid acquisition also supports chlamydial inclusion expansion. The role of VAMP4 in chlamydial inclusion expansion needs to be further defined by additional follow-up studies.
The syntaxin 6-VAMP4 interactions at the chlamydial inclusion demonstrated by positive Duolink reactions suggest that the proteins are cooperating in a SNARE complex. Given that syntaxin 6 knockdown results in an accumulation of sphingomyelin in the chlamydial inclusion, we hypothesize that syntaxin 6 cycles away from the inclusion and is returned by the YGRL signal sequence as a mechanism to maintain balance between the chlamydial inclusion and the host cell. SNARE complexes between syntaxin 6 and VAMP4 at the chlamydial inclusion may be a checkpoint allowing a limited number of exocytic vesicles to recycle to the host cell surface instead of fusing with the chlamydial inclusion membrane. The mechanisms that allow the chlamydial inclusion to parasitize host cell nutrients while maintaining an otherwise healthy cell are poorly understood.
Because sphingolipid acquisition is a critical step in the development of obligate intracellular chlamydial organisms (18, 19) , there are multiple compensatory mechanisms, as evident in the role of Src family kinase Fyn (62) and CERT (63, 64) , an endoplasmic reticulum-associated ceramide transfer protein, in chlamydial sphingomyelin acquisition. Data in this study identify the first SNARE protein involved in sphingomyelin trafficking to the chlamydial inclusion; however, there are other proteins involved in vesicle fusion that have been demonstrated to play a role in chlamydial sphingomyelin acquisition, such as small GTPase Rab proteins, which are involved in vesicle formation and trafficking (65) . Specifically, Rabs 6, 11, and 14 have been identified as important mediators of chlamydial sphingomyelin acquisition (66, 67) . Interestingly, the recruitment of Rab proteins is not conserved across chlamydial species (68) (69) (70) ; however, a unique facet of VAMP4's recruitment to the chlamydial inclusion is that it is not conserved across chlamydial species or even C. trachomatis serovars, implying that VAMP4 may be recruited only to LGVcontaining inclusions, potentially contributing to the more-invasive nature of LGV strains compared to the invasiveness of other C. trachomatis serovars. Further studies need to be performed to test this hypothesis.
In conclusion, we have identified a syntaxin 6-binding partner, VAMP4, and characterized syntaxin 6-VAMP4 interactions at the chlamydial inclusion. Importantly, for the first time, a SNARE protein has been implicated in a likely fusion event with the chlamydial inclusion, exhibited by the requirement of VAMP4 for chlamydial sphingomyelin acquisition. Further study is required to define the proteins involved in functional SNARE complexes at the chlamydial inclusion, including the identification of chlamydial proteins involved in these complexes. Additionally, by examining discrete fusion events at the chlamydial inclusion, the mechanism by which the organisms are directly obtaining, utilizing, and incorporating eukaryotic lipids into their cell walls will be elucidated. It is likely that these eukaryotic lipids aid the organisms in their ability to limit host response to infection, as well as play a role in chlamydial membrane fluidity. We hypothesize that SNARE proteins are recruited to the chlamydial inclusion to deliver nutrients, such as lipids, to the chlamydial organisms by way of fusion with the inclusion membrane. Furthermore, data in this study support the hypothesis that multiple independent SNARE complexes act at the inclusion membrane, indicating that the coordination of these complexes optimizes chlamydial nutrient acquisition.
